The variations in the electrical and mechanical properties of solution-processed amorphous indium-gallium-zinc-oxide thin-film transistors exposed to high-humidity ambient conditions for long periods were analyzed. When the TFT was exposed to high-humidity conditions, field-effect mobility severely decreased, while ON/OFF current ratio improved and subthreshold slope value remained nearly constant, which is different from that exposed to low-humidity condition. We found that the H 2 O molecules induce mechanical peeling of the active layer such that they act as acceptor-like deep states, which is very different from the prior results under low humidity condition. The variations in electrical characteristics were systematically analyzed using a technology-CAD simulation before and after exposure to highhumidity conditions.
I. INTRODUCTION
Solution-processed amorphous indium-gallium-zinc-oxide thin-film transistors (a-IGZO TFTs) have been widely studied to replace conventional vacuum-based TFTs for applications in various display and flexible electronic circuits [1] - [4] . One of the important issues for the a-IGZO TFTs is environmental stability under O 2 and H 2 O ambient [5] - [7] . There have been significant efforts to investigate the role of various ambient for oxide-based TFTs [8] , [9] . In particular, it has been understood that O 2 and H 2 O act as acceptor [10] and donor-like [11] , [12] states in a-IGZO TFTs, respectively. However, compared to vacuum-deposited a-IGZO TFTs, solution-processed TFTs are much more sensitive to the environment because more coarse packing of the active layer molecules leads to an increase in the absorption of various environmental gases [13] , similar to the case for pore-structured thin films. In particular, exposure of the active layer to H 2 O critically affects the electrical and mechanical properties of a-IGZO TFTs. It is necessary to investigate the effect of the long-period exposure to ambient water on the active layer, because the stability also critically depends on the exposure time of the ambient. In addition, the ambient effect should be studied for a very long time over several years under moderate-humidity conditions, which is the typical TFT operation condition in practical applications [14] . However, it is impossible to perform the humidity stability experiments such a long time in a research level. Instead, to study such an effect in a relatively short time, a harsh condition such as high humidity is typically used after removing a passivation layer. Accordingly, it is possible to predict the effect of water vapor to the active layer when exposed to very long time only using short time measurement results. In addition, the underlying physics of the active layer of solution-processed a-IGZO TFTs exposed to high humidity for very long periods has hitherto not been clearly investigated together with the mechanical and electrical characteristics.
In this study, we investigate the high-humidity exposure effect on the solution-processed a-IGZO TFTs for up to six days. To study the variation in mechanical properties, atomic force microscopy (AFM) nano-indentation was used to analyze the hardness variations for different humidity conditions. We accurately analyzed the effect of the low and high humidity conditions on solution-processed a-IGZO TFT considering density of state variation and surface morphology variations. We found a mechanical peeling of the active layer by water absorption, which induces an increase in acceptorlike traps, leading to a compensation of oxygen vacancies and a decrease in the field-effect mobility for long-period high-humidity conditions.
II. EXPERIMENT
The a-IGZO active layer solution was prepared using indium nitrate hydrate (In(NO 3 ) 3 xH 2 O), gallium nitrate hydrate (Ga(NO 3 ) 3 ·xH 2 O), and zinc acetate dehydrate
. The molecular concentration of the solution was 0.05 M with In:Ga:Zn = 6:1:4. The molecular ratio was chosen as an optimum point from various conditions, which is similar with reported results in [15] and [16] . Arsenic doped silicon substrate (n + Si) was prepared, which also acts as a back gate electrode. The SiO 2 /Si substrate was prepared using a dry oxidation process. The substrate was treated by oxygen plasma (power : 100 W, pressure : 1.4 torr) to improve adhesion property between the substrate and the a-IGZO active layer. After plasma treatment, the contact angle of de-ionized water was nearly zero indicating high adhesion property of the a-IGZO active layer. The solution was spin coated on the prepared substrate at a rotation speed of 4000 rpm. After spin coating, all samples were annealed using a muffle furnace at 400 • C for 2 hours in ambient helium. Then, 200 nm-thick Al source/drain (S/D) electrodes were deposited using a thermal evaporator at a deposition ratio of 2 Å/s. The fabrication of the TFT was performed in a glove box while maintaining the humidity under 20%. The channel length and channel width values were 1000 and 120 µm, respectively. Figure 1 shows a high-resolution transmission electron microscopy (HR-TEM; Model No. JEM-2100F) image of the a-IGZO TFT. The HR-TEM sample was prepared using focused ion beam milling technique (Model No. Helios NanoLab 450HP). The a-IGZO active layer thickness was about 8 nm and the active layer shows good adhesion to the SiO 2 gate insulator layer and Al electrode. After fabrication of the a-IGZO TFTs, initial measurements were performed (day 1). Then, the samples were divided into two pieces. One sample was stored in a chamber with a dry ambient of pure nitrogen with a relative humidity of under 5% (under 700 ppm, dry sample), and the other sample was stored in a wet ambient with a relative humidity of over 90% (over 13,000 ppm, wet sample) at room temperature. The variations in electrical characteristics were traced for six days. Before the TFT measurements, the variations of sheet resistance in the Al S/D electrodes were monitored. The sheet resistances were remained nearly the same values of 202.7 to 205.2 m /square for different dry and wet conditions shown in Table 1 . Accordingly, it is reasonable to assume that the contact characteristics in the S/D electrode regions are invariant for different humidity conditions. To measure the variations in the surface morphology and mechanical properties (hardness), AFM and AFM-nanoindentation were used. For the hardness measurements, a soft gold cantilever with a spring constant of 0.6 N/m was used. To study the variation in oxygen vacancies, the O 1s spectrum was measured using X-ray photoelectron spectroscopy (XPS). After six days (day 6), the dry and wet samples exhibit significant differences in the transfer characteristics and electrical parameters. Both samples exhibit decreases in the field-effect mobility. However, the wet sample exhibits a greater decrease in the field-effect mobility, down to 2.28±0.18 cm 2 /Vs, while that of the dry sample exhibits a relatively good performance of 3.56±0.11 cm 2 /Vs even after six days shown in Fig. 3(a) . Also, the V SS values significantly increase from 0.92±0.18 to 1.61±0.05 V/decade for the dry samples, while it slightly decreases down to 0.80±0.08 V/decade for the wet samples shown in Fig. 3(b) . At the same time, the I ON /I OFF values decrease to under 10 5 A/A for the dry samples, while they increase up to 10 8 A/A for the wet samples shown in Fig. 3(c) . The threshold voltage (V TH ) shifts slightly in the negative direction for the dry sample, while it does not vary for the wet sample shown in Fig. 3(d) . It is noted that, as the exposure time further increases, the off current level of the dry sample will continuously increase, while the on current level of the wet sample will continuously decrease.
III. RESULT & DISCUSSION
Eventually, the dry and wet samples will become different states, which are similar with open and short circuit faults, respectively. The relationships between μ FE , V SS , V TH and I ON /I OFF are closely related to the variations in donor-and acceptorlike states in the active layer [17] , [18] . After a long period of exposure to dry ambient, oxygen vacancies are easily induced, which act as donor-like states in the active layer. Because the carrier density in the active region increases when oxygen vacancies are induced, the increase in V SS , the negative shift of V TH and the decrease in I ON /I OFF are well explained by the increase in oxygen vacancies and the carrier density for the dry sample. On the contrary, the wet sample exhibits different behavior. It has been known that water acts as donor-like states in the a-IGZO active layer for a small amount of exposure to water [14] . In this case, an assumption for the role of the water is that there is no chemical reaction between water and the a-IGZO active layer. In the low humidity condition, our work reproduces the prior results reported in the literature. However, after the active layer is exposed to high humidity for a long period, the water decreases the carrier density in the active layer, leading to a decrease in V SS and increase in I ON /I OFF . This indicates that water induces acceptor-like states under long periods exposure. The origin of the generation of acceptorlike states is related to solubility of the a-IGZO active layer in water. There are prior results showing the a-IGZO active layer can be dissolved in the water. First, the water can be used as solvent to fabricate solution-processed a-IGZO TFTs [19] . In addition, the a-IGZO TFTs can be used as water-soluble devices [20] . Accordingly, the a-IGZO active layer can react with water even after annealing process is done, which follows chemical reactions given as [20] ,
Further systematic study is required to understand the high humidity effect because the reaction time is different whether the active layer is exposed to humidity or dipped into water. It is understood that the generation of the acceptorlike states is originated from chemically induced defects of the a-IGZO active layer after exposure to water, which can be confirmed by the scanning electron microscopy (SEM) and AFM images.
Figures 4(a) and (b), and 4(c) and (d) present SEM and AFM images of the dry and wet samples after five days, respectively. There is a bright spot and spike-like shape region in the wet sample, which are due to the mechanical peeling of the active layer (Fig. 4(b) ), while the dry sample shows a relatively clean surface (Fig. 4(a) ). The peeling region also observed in an AFM image (Fig. 4(d) ), which leads to a severe increase in surface roughness of the wet sample up to about 50 nm. On the contrary, the dry sample shows a small roughness under 2.0 nm in the AFM image 28 VOLUME 7, 2019
FIGURE 4. SEM images of (a) dry and (b) wet samples, and AFM images (10 × 10 µm) of (c) dry and (d) wet samples after five days. Surface peeling can be found in the wet sample. (e) AFM nanoindentation measurement results of dry and wet samples after five days.
( Fig. 4(c) ). This indicates that the high-humidity condition severely decreases the film quality by lowering the mechanical adhesion properties and generates additional acceptor-like defect states in the bandgap region. It should be noted that the reaction between the a-IGZO active layer and the water is irreversible, which means the wet sample cannot be recovered. Unlike conventional environmental stress condition, the high humidity exposure condition critically influences on the a-IGZO TFT performance due to permanent surface damage shown in SEM and AFM images. On the contrary, the hardness of the a-IGZO TFTs is invariant under the high-humidity conditions. Figure 4 (e) presents the AFM nanoindentation measurement results of the dry and wet samples after five days. The force-to-distance ratio represents the relative hardness of the a-IGZO active layer. The resulting ratio is about 0.366 and 0.359 mN/m for the dry and wet samples during the loading processes, respectively. The variation in hardness is smaller than 2%. This indicates that the long-period high-humidity conditions do not severely degrade the hardness of the a-IGZO active layer. Instead, they induce mechanical peeling of the active layer in weakly bonded regions and generate many sub-micro-size defects in the active layer. It should be noted that the additional acceptor-like defect states are deep states because there is no variation in V SS in the wet sample, as shown in Fig. 3(b) . It is well-known that the heavy metal cation s-orbital is the main electron conduction path for the a-IGZO TFTs, which is strongly susceptible to disorder in the amorphous-based TFTs. For this reason, the subthreshold slope, which is related to the number of tail states, is relatively invariant to the creation of large defects in the active layer.
To verify the variations in oxygen-related defect state in the active layer, XPS measurements were performed for the dry and wet samples after five days. Unlike vacuumprocessed a-IGZO TFTs which have relatively thick active layer (over 50 nm), the solution-processed a-IGZO TFTs have very thin active layer, typically under 10 nm [21] , which is consistent with the TEM image in Fig. 1 . The XPS signal can be obtained up to several nanometers under the surface of the active layer. Therefore, using the XPS data, composition of the channel region near the a-IGZO/SiO x can be easily estimated. In addition, for the ambient stability experiments, variations of material properties in the bulk region are important because the bulk region is directly affected by the ambient. It critically influences on the electrical parameters of the TFTs such as μ FE , V TH , V SS , and I ON /I OFF [22] . Therefore, using the XPS data in the bulk region, the variations of the electrical characteristics of the a-IGZO TFTs can be investigated.
Figures 5(a) to (c) presents the XPS spectra, including the deconvolution data, and Table 2 summarizes the relative area of the deconvolution graph. The peak binding energies of the deconvolution data are about 529.55 (low energy), 530.93 (middle energy), and 531.98 eV (high energy). Each peak is related to the oxygen in the lattice, vacancy, and -OH peak, respectively. The trend of the increase in oxygen vacancies and decrease in oxygen in the lattice is the same for the dry and wet sample after five days. The low-energy region decreases from 53.6 (reference) to 46.4 (dry sample) and 42.6 (wet sample), while the mid-energy region increases from 31.2 to 37.9 (dry sample) and 41.1 (wet sample). In this case, the high-energy peak does not vary, depending on the ambient conditions. It is noted that the increase in oxygen vacancies in the wet sample is higher than that in VOLUME 7, 2019 29 the dry sample. This is closely related to the amount of exposure area to ambient of the active layer. When the a-IGZO active layer reacts with water, the peeling regions are formed leading to an increase of a contact area to ambient in a-IGZO active layer. It is well known that an increase of exposure area to ambient accelerates an increase of the oxygen vacancies from the weak bonding sites of the lattice because dissociation of the oxygen atoms from the lattice are easily induced when the active layer is exposed to the ambient. Therefore, it is thought that the peeling region induces an increase of acceptor-like states (from dangling bond) and donor-like states (from oxygen vacancies), at the same time.
From the XPS data, for the dry sample, it is understood that the negative shift of V TH , decrease in I ON /I OFF and increase in V SS originate from the increase in donor-like oxygen vacancies, leading to the increase in electron density in the active region. However, for the wet sample, there should be additional defect state generation to compensate for the increase in oxygen vacancies, implying that the generated electrons from the oxygen vacancies should be reduced to show the high I ON /I OFF , small shift of V TH and low V SS , as shown in Figs. 5(b) and (c).
Based on the discussion, there are three important mechanisms to degrade the electrical performance of solutionprocessed a-IGZO TFTs exposed to a high humidity for a long period; the increase in electron density from the generation of oxygen vacancies, the increase in deep acceptor-like states, and the decrease in the Hall mobility originating from the peeling region. This can be confirmed by simulation fitting using an ATLAS 2D device simulator (from Silvaco Inc.). For the simulation fitting, we selected a-IGZO TFTs of which the electrical parameters are close to the average values in Figs. 3(a) to (d) . In particular, day 1 (reference) and day 6 (dry and wet) samples were selected for the simulation fitting because they are initial and final storage conditions. It should be noted that the TFTs of day 1 and day 6 show very small standard deviations as shown in Figs. 3(a) to (d) . Accordingly, the accuracy of the simulation fitting can be guaranteed.
Only bulk region defect DOS variations were considered, because the bulk region is directly affected by the water in ambient and the a-IGZO TFTs are mainly dependent on the chemical and mechanical variations of the bulk region. For ON current region, we considered acceptorlike states in the upper bandgap region. First, the reference data (day 1) were fitted to the simulation result. The obtained parameters were as follows: maximum conduction band tail states (N TA ) = 6.0 × 10 19 cm −3 eV −1 , width of conduction band tail states (W TA ) = 65 meV, conduction band deep states (N GA ) = 5.0 × 10 16 cm −3 eV −1 , electron density (n) = 1.0 × 10 17 cm −3 , and Hall mobility (μ) = 6.9 cm 2 V −1 s −1 . The conduction band deep states were assumed to be flat with a large width (W GA = bandgap). For the dry sample, using the reference parameters, the transfer characteristics were fitted by varying only one parameter; electron density. For the wet sample, the electron density of the sample was calculated from the XPS data and fitting data of the reference and dry samples assuming partial ionization of the oxygen vacancies. The ratio of the ionized oxygen vacancies was calculated by 31.2 -x (reference):37.9 -x (dry sample) = 1.0×10 17 : 4.0×10 17 , where x is the portion of unionized oxygen vacancies. The x was about 29.0% and the electron density of the wet sample can be calculated by (41.1 -x) ×10 17 = 5.5 ×10 17 . Then, by varying two parameters of N GA and μ, the simulation result was fitted to the experimental result. The fitted N GA and μ were 1.9 × 10 17 cm −3 eV −1 and 4.5 cm 2 V −1 s −1 , respectively.
For OFF current region, we considered valence band deep states because the off current level depends on electron density and valence band deep states [17] . After initial fitting of the reference parameters, all the parameters of the dry and wet sample of the valence band deep states were determined from the N GA and n. The variations of valence band deep states were simulated by varying N GD (maximum valence band deep states) with constant W GD = 0.10 eV (width of valence band deep states) [17] . Because the dry sample shows an increase of oxygen vacancies and the origin of valence band deep states is oxygen vacancies, N GD of the dry sample increases compared to the reference. Accordingly, the N GD value was determined by increasing N GD value for the dry sample. On the contrary, for the wet sample, because of a negative-U characteristic which shows a reverse relationship between N GA and N GD , valence band deep states decreases though the electron density increases [22] . Accordingly, the N GD value was determined by decreasing N GD for the wet sample. All the fitting parameters are summarized in Table 3 . Figure 6 shows the transfer characteristics of the simulation results when V GS varies from 0 to 40 V and 30 VOLUME 7, 2019 V DS = 80 V. It can be seen that all the simulation results fit well with the experimental results. It should be noted that the acceptor-like deep states of the wet sample are about four times larger than those of the reference without varying the tail states, which is consistent with the V SS data. This clearly indicates that the H 2 O induces mechanical degradation and induces acceptor-like states in the a-IGZO active layer under long-period exposure. This compensates the increase in electron density coming from the oxygen vacancies, which is consistent with the SEM and AFM data.
IV. CONCLUSION
In conclusion, the effect of long-period high-humidity exposure on solution-processed a-IGZO TFTs was investigated. It is demonstrated that mechanical peeling of the active layer is induced under high-humidity conditions, leading to acceptorlike deep states and compensation for the increase in electron density coming from the oxygen vacancies in the active layer. Unlike the conventional role of water in the a-IGZO active layer, the high-humidity conditions induce additional effects, including a decrease in the adhesion properties, which results in a severe decrease in the performance of the solution-processed a-IGZO TFTs. Performance degradation can also be observed in other solution-processed oxide-based TFTs. Therefore, improvements in the adhesion properties of a-IGZO TFTs are essential to increase the lifetime of solution-based TFTs.
